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A distinct population of white matter progenitor cells 
(WMPCs), competent but not committed to generate oli- 
god ndrocytes, remains ubiquitous in the adult human 
subcortical white matter. These cells are present in both 
sexes and into senescence and may constitute as much 
as 4% of the cells of adult human capsular white matter. 
Transduction of adult human white matter dissociates 
with plasmids bearing early oligodendrocytic promoters 
driving fluorescent reporters permits the separation of 
these cells at high yield and purity, as does separation 
based on their expression of A2B5 immunoreactivity. 
Isolates of these cells survive xenograft to lysolecithin- 
demyelinated brain and migrate rapidly to infiltrate these 
lesions, without extending into normal white matter. 
Within several weeks, implanted progenitors mature as 
oligodendrocytes, and develop myelin-associated anti- 
gens. Lentiviral tagging with green fluorescent protein 
confirmed that A2B5-sorted progenitors develop myelin 
basic protein expression within regions of demyelination 
and that they fail to migrate when implanted into normal 
brain. Adult human white matter progenitor cells can thus 
disperse widely through regions of experimental demyeli- 
nation and are able to differentiate as myelinating oligoden- 
drocytes. This being the case, they may constitute appro- 
priate vectors for cell-based remyelination strategies. 
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Glial progenitor cells biased toward oligodendrocytic 
production persist within the adult human white matter 
and may be isolated and propagated as such (for review see 
Goldman, 2001). These cells appeared to correspond, in 
both function and phenotype, to analogous progenitors in 
the adult rodent white matter, whose phenotypic potential 
had been previously established in vitro (Wolswijk and 
Noble, 1989) and validated by retroviral lineage analysis in 



vivo (Gensert and Goldman, 1996, 1997; Levison and 
Goldman, 1999). The existence of posunitotic pro- 
oligodendrocytes had previously been determined and 
characterized in the early 1990s by Dubois-Dalq and her 
colleagues in a series of elegant studies (Armstrong et al, 
1992; Gogate et al, 1994), and these cells were subse- 
quendy identified and mapped histologically (Scolding et 
al., 1998). However, mitotically competent progenitors 
capable of giving rise to oligodendrocytes were not iso- 
lated from adult human brain tissue until later (Roy et al., 
1999), when promoter-based sorting permitted the isola- 
tion of rare or otherwise hard-to-disringuish progenitor 
cells from native tissues. In this approach, fluorescent 
reporters such as green fluorescent protein (GFP) are 
placed under the control of promoters for genes selectively 
expressed in the progenitor cells of interest (Wang et al., 
1998). The chimeric promoter-driven GFP transgenes are 
then either transfected or infected into the cell population 
containing the target progenitor cell, and, upon GFP 
expression by the cells of interest, the progenitor pool is 
then extracted by fluorescence-activated cell sorting 
(FACS). This approach has allowed the identification and 
isolation of rare neural progenitor cell populations from 
the ventricular zone and hippocampus, from bodi fetal and 
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adult human samples (Wang et al., 1998, 2000; Roy et al., 
2000a,b; Keyoung et al., 2001). 

To determine whether adult human white matter 
might harbor oligodendrocyte progenitor cells, we con- 
structed plasmid vectors containing die early promoter for 
the oligodendrocyte protein cyclic nucleotide phosphodi- 
esterase, placed 5' to the coding region for human GFP 
(hGFP). When we transfected this construct into dissoci- 
ates of the adult human capsular white matter, we ob- 
served that P/CNP2:hGFP was expressed initially by only 
a single, morphologically and antigenically discrete class of 
bipolar cells (Roy et al., 1999). These cells were rnitoti- 
cally competent, in that they incorporated bromode- 
oxyuridine (BrdU) and continued to proliferate in low- 
serum base medium containing fibroblast growth factor-2 
(FGF2), platelet-derived growth factor (PDGF), and 
neurotrophin-3 (NT-3). Among the P/CNP2:hGFP + 
cells, most initially expressed the early oligodendrocytic 
marker A2B5 but failed to express die more differentiated 
markers 04, Ol, or galactocerebroside. Some expressed 
astrocytic glial fibrillary acidic protein (GFAP), but none 
expressed neuronal markers when identified by their GFP 
fluorescence in mixed, unsorted cultures. When FACS 
was used to purify these P/CNP2:hGFP + cells, most were 
found to mature as oligodendrocytes, progressing dirough 
a stereotypic sequence of A2B5, 04, Ol, and galactoce- 
rebroside expression (Roy et al., 1999), as during devel- 
opment (Noble, 1997). However, occasional neurons 
were also noted to arise from diese cells, particularly in 
low-density preparations following high-purity FACS, a 
condition under which sorted progenitors are largely de- 
void of autocrine and paracrine growth factors. Thus, the 
nominally glial progenitor of the adult white matter might 
actually represent a multipotential neural progenitor cell, 
restricted to die glial and oligodendrocytic lineage by the 
local white matter environment. As a result, we have 
designated these cells white matter progenitor cells (WMPCs), 
rather than simply glial progenitors, in recognition of their 
intrinsically broad lineage potential. Importantly, diese 
cells are not rare: By cytometry based on P/CNP2-driven 
GFP, WMPCs made up over 0.4% of the sorted white 
matter cell pool (Roy et al., 1999). With correction for an 
average plasmid transfection efficiency of 13%, over 3% of 
dissociated white matter cells might be competent to serve 
as progenitor cells. 

In the present study, we sought to assess die engraft- 
ability and myelinogenic competence of these cells when 
introduced into a region of central demyelination. To this 
end, we employed a lysolecithin model, in which we 
injected human WMPCs into the lesioned adult rat brain 
and then assessed the integration, phenotypic maturation, 
and myelinogenic competence of the implanted human 
cells in the environment of the lesioned adult rodent white 
matter. In addition, we sought to achieve a higher yield 
means of separating these progenitor cells from surgical 
samples of the adult white matter, to increase the feasibility 
of using diem in experimental transplantation. 



MATERIALS AND METHODS 
Adult Human White Matter Dissociation and Culture 

Surgically resected adult human brain tissue samples were 
obtained from five patients ranging from 22 to 49 years old (two 
males with aneurysms, a female with a geographically distant and 
histologically circumscribed hemangioma, a female with tem- 
poral lobe epilepsy, and a male with an arteriovenous malfor- 
mation). Surgical resections of forebrain white matter were 
collected in Ca 2+ /Mg 2+ -free Hank's balanced salt solution 
(HBSS), minced, rinsed twice in PIPES (in mM: 120 NaCl, 5 
KCi, 25 glucose, and 20 PIPES), and digested in papain-PIPES 
(11.4 U/ml papain; Worthington, Freehold, NJ) and DNase I 
(10 U/ml; Sigma, St. Louis, MO) on a rocker at 37°C for 1.5 hr. 
The cells were collected by centrifugation at 2C% in an IEC 
Centra-4B centrifuge, resuspended in Dulbecco's modified Eagle's 
medium (DMEM)/F-12/N2 widi DNase I (10 U/ml), and incu- 
bated at 37°C for 30 min. The samples were spun again and the 
pellets recovered in 2 ml of DMEM/F12/N2. The cells were then 
dissociated by sequentially triUirating for 20, 10, and 5 rimes, 
respectively, dirough Pasteur pipettes fire polished to decreasing 
bore diameters. Undissociated pieces were removed by passage 
through a 40 |xm mesh. The cells were collected and rinsed with 
DMEM/F-12/N2 containing 10% plasma-derived fetal bovine 
serum (PD-FBS; Cocalico, Reamstown, PA) to stop the dissocia- 
tion. The cells were then suspended in DMEM/F12/N2 contain- 
ing PDGF-AA (20 ng/ml; Sigma), FGF-2 (10 ng/ml; Sigma), and 
NT-3 (2 ng/ml; Regeneron, Tarrytown, NY) and plated in 
100 mm uncoated petri dishes (Corning, Coming, NY). 

Magnetic Separation of A2B5 + Cells 

After 48 hr in culture, cells dissociated from adult human 
white matter were collected by washing the plates with Ca 2+ / 
Mg 2+ -free HBSS. The total number of viable cells was deter- 
mined using calcein (Molecular Probes, Eugene, OR). The cells 
were incubated with supernatant of hybridoma cells expressing 
the monoclonal IgM antibody A2B5 (clone 105; American 
Type Culture Collection, Manassas, VA). Incubation proceeded 
for 30-45 min at 4°C on a shaker. The cells were washed three 
times with 10 times the labeling volume in phosphate buffer 
containing 0.5% bovine serum albumin (BSA) and 2 mM 
EDTA. The cells were incubated with t :4 microbead-tagged rat 
anti-mouse IgM (Miltenyi Biotech) for 30 min at 4°C on a 
shaker. For flow cytometric analysis, some cells were incubated 
for die same duration with fluorescein isothiocyanate (FITC)- 
tagged goat anti-mouse IgM (1 : 50). The cells were washed three 
times and resuspended in an appropriate volume of buffer. The 
A2B5 + cells were separated using positive selection columns, 
type MS+/RS+ or LS + /VS + (MACS; Miltenyi Biotech). 

Labeling of Human Donor Progenitor Cells 

Lipophilic dye tagging. Some A2B5-sorted cells were 
tagged with 1,1'-dihexadecyl-3,3,3',3'-tetramethylindocarbo- 
cyanine perchlorate (Dil; Molecular Probes) at 0.01 nig/ml. 
Dil-tagged cells were noted to retain their fluorescence dis- 
cretely for at least 1 week after tagging and transplantation. For 
longer survival times, cells were identified as donor derived and 
imaged on the basis of anti-human nuclear antibody immuno- 
staining or by BrdU tagging in vitro prior to implantation, with 
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subsequent BrdU immunodetection. Alternatively, some human 
donor paigenitors were genetically tagged with GFP, using 
lentiviral delivery. 

Lentiviral GFP. In some experiments, the A2B5- 
sorted cells were infected 24 hr after separation with a puri- 
fied VSV-pseudotyped lenti virus (1 X lOVml) constructed to 
express enhanced GFP (EGFP) under the control of the 
cytomegalovirus (CMV) promoter, with a WPRE 5 wood- 
chuck posttranscription regulatory element. The latter acts 
like poly-A by stabilizing the transcript without stopping 
transcription. The lentivirus was generated by co trans fee ting 
plasmids pCMV-D-R8.9 1 , pMD.G, and pHRCMVGFPwsin 
into 293T cells (Han et al. f 1999). Viral particles were col- 
lected after 72 hr. The viruses were parrially purified by centri- 
fugj'ng die collected supernatant at 60,000g for 2 hr. Hie sorted 
A2B5 cells were infected with the virus in the presence of poly- 
brene (8 |xg/ml). GFP expression was typically observed by over 
half of the cells within each infected cell culture within 24 hr after 
infection. The cells were harvested for transplantation 48 hr after 
viral infection. 

Surgery 

Lysolecithin injection. Lesions were produced in the 
corpus callosa of 200-225 g male nits by stereotaxic bilateral 
injection of 1 fil of eidier 1.5% (used for xenografts of GFP- 
tagged cells only) or 2% lysolecithin type V (Sigma). The co- 
ordinates were 1.1 mm posterior to Bregma, 1.0 mm lateral to 
the midline, and 2.8 mm ventral (Gensert and Goldman, 1997), 
and the myelinotoxin was delivered at 20 pJ/hr. 



Fig. 1. Oligodendrocyte progenitor 
cells may be extracted from the adult 
human white matter. A,B: Separation 
plots of progenitor cells derived from 
dissociates of adult human white matter. 
These graphs plot forward scatter (FCS), 
an index of cell size, against fluorescence 
intensity (FL1). A shows separation of 
progenitors based on CNP2:hGFP, and 
B exhibits FACS separation based on 
A2B5-inimunoreactivity. The two cell 
populations sort into homologous quad- 
rants on forward scatter, indicating that 
the two methods extract cells of the same 
size. They also sort into identical pools as 
defined by side scatter (not shown), in- 
dicating that their shape and internal re- 
flectance are analogous as well. C»D: By 7 
days in culture, most of the A2B5-sorted 
population had become oligodendrocytes 
(C, phase; D, fluorescence). This was 
manifested in their expression of 04 im- 
munoreactiviry (green), wliich recognizes 
a sulfatidc epitope characteristic of oligo- 
dendrocytes. Scale bar = 40 |Xin. 



Transplantation. Three days after lysolecithin instilla- 
tion, 100,000 A2B5-sorted cells were delivered in 2 ui HBSS 
into the site of lysolecidiin injection, by infusion over 3 min 
(20 ui/hr). Control animals received comparable injections of 
saline. Animals were sacrificed at 1 (n = 2), 2 (n = 2), 3 (n = 
3), 4 (n = 3), and 8 (n = 1) weeks after xenograft. 

Immunosuppression 

All animals were immunosuppressed with cyclosporin 
(Sandimmune; Novartis; 50 mg/ml). Animals received 
15 mg/kg daily, beginning on the day of lysolecithin lesion and 
proceeding dairy thereafter until sacrifice. Animals receiving 
GFP-tagged xenografts were given 20 mg/kg. 

Immunohistochemistry 

Animals were perfused via intracardiac catheter with 
HBSS with Ca 2+ /Mg 2 *\ followed by 4% paraformaldehyde, 
with postfixation for several hours in 4% paraformaldehyde, 
passage through increasing concentrations of sucrose to 30%, 
and freezing during embedding in OCT (Lipshaw). The brains 
were then cut in 15 |xm sections on a Hacker cryostat. Sections 
were processed for one or more of the following antigenic 
markers: anti-human nuclear protein (Chemicon, Temecula, 
CA; MAbl281; 1:50 for 2 days, 4°C), anti-CNP (Sternberger, 
Baltimore, MD; MAb SMI-91; 1:1,000 overnight, 4°C), anti- 
human GFAP (SMI 21; 1:1,000, overnight, 4°C), or antimyclin 
basic protein (anti-MBP; Chemicon Ab980; 1:100 overnight, 
4°C). Secondary antibodies included F1TC, Cy5, and Texas 
red-tagged anti-mouse IgM and IgG, anti-rabbit IgG (Jackson 
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Fig. 2. Implanted white matter progenitors migrated widely through- 
out the demyelinated callosum. A— E: Sorted adult human white matter 
progenitors were transplanted into lysolecidun-induced demyelinated 
lesions in the corpus callosa of adult rats. A shows diat lysolecithin 
infusion yielded demyelinated plaques in the subcortical white matter. 
This rat was injected widi 1 \jA of 2% lysolecithin-V, directly into die 
central core of the corpus callosum, then sacrificed for histology I week 
later and immunostained for myelin basic protein (MBP). The large 
central lesion is visible as the discoid region of MBP immunonegativity. 
surrounded by the odierwise MBP"*" callosum (green). B: Neurofila- 
ment* 1 " axons (green) initially survived lysolecithin lesion, as seen here 
1 week after lesion of the callosum. MBP inununoreactivity (green) has 
been lost from this lesion core, and implanted progenitors have just 
immigrated to the lesion (orange). However, axonal spheroids were 
frequent within the lysolecitliin lesion bed. indicating some degree of 
early injury and transection, to which spheroid formation is a response. 
The ability of implanted progenitors to efFect repair is thus limited by 
die viability and integrity of the targeted axonal cohort. C: Dil-labeled 
human progenitor cells (red) 1 week after implant. Even at diis early 

Immunoresearch, West Grove, PA), and Alexa 488- and 594- 
tagged anti-mouse and anti-rabbit IgC (Molecular Probes). 

Imaging 

Brain sections were photographed using an Olympus 
Fluoview confocal coupled to an 1X70 ph otomicroscope. 1m- 



time point, the cells extend throughout the demyelinated lesion, which 
is characterized by its lack of MBP immunoreactivity (green). The 
cannula track (*) indicates the site of cell injection into the demyeli- 
nated lesion, which was induced 3 days before 10 5 sorted, Dil-tagged 
(red) human progenitor* were delivered in 2 pj. Jnset: Fluorescent 
nucrobeads (red) injected into regions of lysolecithin demyelination 
(MBP; green) failed to disperse beyond their site of injection. D: The 
transplanted cells migrated throughout the demyelinated plaque, but 
not beyond its borders, except for occasional migrants that followed the 
parenchymal surfaces of blood vessels (arrow). The restriction of mi- 
gration to demyelinated regions suggests that normal myelin impeded 
the migration of these cells (bottom). E: This low-power montage 
illustrates the extent and rapidity of migration by engrafted white matter 
progenitors. Within 1 week of implantation into this demyelinated 
callosum, the cells traversed the midline to infiltrate the lesion bed in 
die contralateral hemisphere. The longitudinal extent of this lesion is 
approximately 6 mm, and the rat was sacrificed 1 week after implan- 
tation. Scale bars - 200 p,m in A,E; 20 p,m in B; 100 u,m in C,D; 
500 (xni in inset. 

ages were acquired in both red and green emission channels 
using an argon-krypton laser, as previously described (Bcnraiss et 
al., 2001). The images were then viewed as stacked z-dimension 
images, both as series of single 0.5 \im optical sections and as 
merged images thereof. The z-dimension reconstructions were 
all observed in profile; every human cell doubly labeled with a 
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Fig. 3. Nonml white matter was nonpermissivc for die migration of 
adult progenitors. A2B5-sorted human progenitors xeuogrnfted into 
the normal adult rat brain failed to migrate beyond the injection site. 
For this figure, the human cells were prelaheled in vitro with lentiviral 
GFP (green) to allow the implanted progenitors and their progeny to be 
identified. A,B: The implanted WMPCs shown in two different fields 



phenotypic marker was observed orthogonally in both the ver- 
tical and die horizontal planes to ensure double labeling. 

RESULTS 

Olig dendrocyte Progenitors of the Human White 
Matter Are Selected by A2B5 Expression 

In previous studies, we found that transduction of 
adult human white matter dissociates with plasmids bear- 
ing the early oligodendrocytic promoter P/CNP2, driving 
the fluorescent reporter hGFP, permitted FACS of oligo- 
dendrocyte progenitor cells from cultured brain tissue 
(Roy et al., 1999). Because P/CNP2:hGFP* f cells typi- 
cally expressed A2I35 immunoreactivity, we asked 
whether separation based on A2B5 might yield the same 
pool of mitotic oligodendrocyte progenitor cells. To this 
end, we first used FACS based on A2B5 expression to 
extract A2B5 + cells from adult WM dissociates (Fig. 1). 
We found that 2.7% ± 0.4% of the cells could be separated 
as A2B5 + (n = 5 patients). This compared with P/CNP2: 
hGFP-based FACS, from which 0.59% ± 0.1% of the cells 
could be sorted as P/CNP2:hGFP + ; the mean transfection 
efficiency of 13.5% would have predicted that as many as 
4.4% of sorted WM cells were potentially P/CNP2: 
hGFP*. Using that figure as an arbitrary benchmark, we 
can estimate that A2B5-based FACS achieved die viable 
extraction of 57.4% (=2.7/4.4 X 100) of the P/CNP2: 
hGFP^predicted progenitor cells in the adult white matter. 

Wc next used, based on this figure, immunomag- 
netic sorting (IMS) to select A2B5 + cells from adult WM 
dissociates. IMS permits a higher yield than FACS, with a 
greater recovery and higher viability achieved at the ex- 
pense of a higher incidence of false positives. We found 
that, by IMS, 2.87% ± 0.7% of die cells were separated as 



here were imaged in an animal killed 4 weeks after implantation. The 
implanted cells did hot migrate beyond the borders of the initial 
injectate. This contrasted with the widespread migration of these cells 
throughout deniyclinated foci, as in Figure 2. Scale bars = 200 fim in 
A; 100 jim in B. 



A2B5"*~ (n = 3 patients). This was in accordance with the 
incidence of WMPCs estimated by both P/CNP2:GFP- 
based FACS and A2B5-based FACS. 

As with the P/CNP2:hGFP + cells, the A2B5+ cells 
were mitotic and gave rise largely to oligodendrocytes 
(Fig. 2). When exposed to BrdU for the first 2 days after 
sorting, A2B5-defmed cells incorporated the label and 
expanded in number, indicating their persistent replication 
in vitro. Over the week thereafter, most began to express 
definitive markers of the oligodendrocytic phenotype; by 
1 week after isolation, >70% expressed the oligodendro- 
cytic antigen 04. Together, these data indicate that A2B5- 
based FACS and IMS of die adult human white matter 
yields a population of oligodendrocyte progenitor cells 
that may be homologous to that recognized by P/CNP2: 
GFP-based isolation and FACS. 

Lysolecithin Lesions Provide Demyelinated Foci 
Appropriate for Experimental Implantation 

To establish whether adult human WMPCs could 
survive xenograft to adult brain parenchyma, we im- 
planted human WMPCs into lysolecithin-demyelinated 
callosal lesions in adult rats. Lysolecithin is a useful agent 
for achieving predictable, focal lesions of the white matter 
(Gensert and Goldman, 1997). It results in local demyeli- 
nation with local oligodendrocytic loss, some axonal loss, 
and relative preservation of astrocytic and endothelial el- 
ements. Spontaneous remyelination may occur following 
lysolecithin lesioning and follows a time course that is 
dependent on the type of lysolecithin (Sedal et al., 1992), 
its volume and concentration (Woodruff and Franklin, 
1999), and the age of the animals (Shields et al., 1999). 
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Fig. 4. Xenografted adult white nutter progenitors become oligoden- 
drocytes and astrocytes. Tmplanted A2B5-sorted progenitors typically 
developed expression of oligodendrocytic CNP protein within 2 weeks 
of implantation. A: In a control animal that received a saline injection, 
CNP protein (red) remains absent from the demyelinated central core 
of the callosum (black) 1 5 days after lesion. In the matched animal 
shown in B, human white matter progenitor cells, recognized by 



Therefore, lysolecithin lesions mimic salient aspects of 
acute inflammatory demyeli nation. 

Wc first confirmed the prior observations of Gensert 
and Goldman (1997) that lysolecithin lesion was associated 
with a focal lesion of capsular myelin, with initial injury 
predominandy limited to oligodendrocytes and their my- 
elin. When assessed 1 and 3 weeks after 1 u.1 injections of 
2% lysolecithin-V, these lesions exhibited a mild degree of 
reactive astrocytosis within the demyelinated focus, the 
vascular architecture of which appeared intact. No myelin 
could be visualized by staining for MBP within 2 mm of 
the callosal injection site. In addition, oligodendrocytes 
were markedly diminished, with a >95% loss of CNP + 
cells witliin the MBP-demarcated lesion (Fig. 2A). Axons 
were present, as assessed by neurofilament staining, but 
axonal spheroids were common, indicating some degree of 
axonal damage and early loss (Fig. 2B). 

Adult Human-Derived A2B5-D fined Progenitors 
Survive and Rapidly Migrate Upon Xenograft 
to LysolecitUn-Demyelinated Foci of the Adult 
Rat Brain 

We next prepared A2B5-sorted progenitor cell pools 
from adult human white matter and stereotaxically im- 



anti-hunian nuclear antibody (AHA; green), were noted both to fill in 
the lesion and to express oligodendrocytic CNP (red) 15 days after 
implantation. C shows a higher magnification of this field; D demon- 
strates CNP expression (red) associated with the cell bodies of the 
human cells visualized as AHA + in B. Asterisks are located in the same 
position; arrows in C and D iudicate the same cell. Scale bar = 20 u,m 
in B (for A,B); 5 p,m in O (for C,D). 



planted them into both normal and lysolecithin-lesioned 
adult rat brain, A2B5+ cells (1 X 10 3 ) were implanted into 
each lesion bed 3 days after a 1 jjlI injection of 2% lyso- 
lecithin. Some donor cells were prelabeled with the li- 
pophilic tracking dye PKH26 to allow their detection after 
implantation (Horan and Slezak, 1989). Other donor cells 
were instead localized using human-specific donor cell 
antigens. At 1, 2, 3, 4, and 8 weeks after implantation, the 
recipient brains were fixed and prepared for histologic 
analysis. 

The implanted celts migrated rapidly, throughout the 
extent of the demyelinated lesions. Within 1 week of 
implantation, the cells readily traversed the midline to 
infiltrate the farthest reaches of the demyelinated lesion 
beds, which often extended over 6 mm in breadth. The 
migration rate of the cells was hence roughly 1 mm/day, 
or almost 50 |xm/hr within the lesion (Fig. 2B-D). 

The surprisingly rapid and extensi ve migration of the 
implanted cells raised the possibility that the initial pressure 
of the injection was contributing to their local dispersal. 
To ensure that implanted donor progenitor cells were not 
infiltrating dieir target lesions as a function of hydraulic 
pressure, we slowly infused them in 2 uJ over 3 min. As an 
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Fig. 5. White matter progenitors express MBP after engraftment to 
demyelinated foci. Sorted oligodendrocyte progenitor cells derived 
from the adult human white matter were injected into adult 
lysoiecidiin-lcsioned rat corpus callosum and. were noted to express 
MBP within 3 weeks thereafter. A: In a control animal that received a 
saline injection, MBP (red) remains absent from the demyelinated 
central core of the cailasum (black) 3 weeks after lesion. B: In a rat that 
received 100.000 sorted progenitor cells unilaterally, human nuclei 

additional control, two rats were injected with 6 |xm 
fluorescent microbeads (Becton-Dickinson, San Jose, CA; 
488 nm excitation). In total 100,000 beads (2 pJ/3 min) 
were delivered into callosal foci of lysolecithin demyeli- 
nation 3 days after lysolecithin injection. The rats were 
sacrificed 2 hr after surgery, and their brains were cryo- 
sectioned and inununostained for MBP. The microbeads 
were noted to line the cannula track and otherwise re- 
mained within a focal deposit at the injection site (Fig. 
2C). These findings strongly suggested that pressure injec- 
tion per se was not associated with significant mechanical 
dispersion of injected cells. 

Normal Brain Is Nonpermissive for Migration of 
Adult Oligodendrocyte Progenitor Cells 

Despite the rapid migration of the implanted pro- 
genitor cells throughout the lesion beds (Fig. 2B;C) t the 
cells were typically restricted to regions of demyelination, 
rarely extending into normal surrounding myelin. Even 
the few cells that were typically noted to have infiltrated 
normal myelin appeared to have migrated therein along 
the extraluminal surfaces of blood vessels. The latter ap- 
peared to be limited to vessels that at some point traversed 
the lesion bed and thereby presented their adventitial 
surfaces to the migrating implanted progenitors. 



(green) are surrounded by MBP (red) in the center of the lesion 21 days 
after implantation (24 days after lysolecithin injection). C,E>: High- 
power image showing a cluster of AHA"*" human cells (green) associated 
with a plethora of MBP + , myelinating, oligodendrocytic membranes 
(red). D focuses on the MBP f membranes of this field; die oligoden- 
drocytic lamellopodia (red) appear in various stages of enshcathment. 
Scale bar = 20 u.m in B (for A,B); = 5 |xm in D (for C,D). 



On this basis, we asked whether the restriction of 
implanted progenitors to the lesion site reflected a relative 
preference for the implanted progenitors to the demyeli- 
nated lesion site or whether it instead reflected an absolute 
impediment of normal white matter to progenitor migra- 
tion (Jefferson et al., 1997). To this end, we genetically 
tagged A2B5-sorted adult human WMPCs with CMV- 
driven EGFP by infecting them in vitro with a lentiviral 
GFP vector (see Materials and Methods). The fluorescent 
human WMPCs were then implanted into the intact sub- 
cortical white matter of four adult rats to loci including the 
callosum, hippocampal commissure, and stria medullaris. 
The fate of the tagged cells was then assessed by sacrificing 
three of die animals 1 month after implantation and one 
rat at 2 months. We found that, when injected into intact 
white matter, the adult progenitor cells remained localized 
to the implant sites: Whether assessed 4 or 8 weeks after 
implantation, the cells migrated no farther than the bounds 
of die initial injectates (Fig. 3). 

Adult White Matter Pr genitors Differentiate as 
MBP + Oligodendrocytes Upon Xen grafting 

The engraftment sites each harbored substantial pop- 
ulations of viable cells, many of which expressed CNP 
protein, indicating dieir oligodendrocytic maturation. 
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Fig. 6. Genetically tagged adult human-derived white matter progen- 
itors can mature and survive after xenografting. Sorted white matter 
progenitor cells were tagged with lentivirally delivered GFP, then 
injected into the Iysoiecithin-lesioned rat corpus callosum. The recip- 
ient animal was killed and its brain immunostained and imaged by 
confocal microscopy 8 weeks after cell implantation. In A, the GFP + 
human progenitors (green) are seen to express human nuclear antigen 
(AHA; orange), confirming the stability and donor cell restriction of the 



tag. The side and bottom panels appended to A show orthogonal side 
views taken through die indicated MBP + human donor-derived cell 
(blue/green; arrow). B: Blue color channel of A shows that several of 
the GFP-tagged human progenitors implanted into the lesion site have 
differentiated as MBP 4 ' oligodendroglia (line demarcates lesion border). 
Many have also matured as astrocytes (data not shown). C shows the 
cell indicated in A, emphasizing its coexprcssion of lenti viral GFP, 
human nuclear antigen (AHA), and MBP. Scale bar = 20 u,m. 



CNP expression typically appeared in implanted adult 
A2B5-sorted progenitors within 2 weeks of implantation 
(Fig. 4). By 3 weeks, many had developed expression of 
MBP (Fig. 5). These human donor-derived cells were 
noted to project MBP" 1 " lamellopodia; at low magnifica- 
tion, they were associated with a fine, filamentous array of 
myelinating fibers. These observations suggested the ini- 
tiation of progenitor-associated myelinogenesis within the 
lesion site (Fig. 5). With cyclosporin immunosuppression, 
we found that these cells could survive for at least 2 months 
in lysolecithin-demyelinated rat recipients (Figs. 6, 7). 

To visualize better the expression of myelin- 
associated antigens by implanted human progenitors, we 
also implanted four lysolecithin-lesion animals with lenti- 
viral GFP-tagged human WMPCs. These animals were 
sacrificed after 4 or 8 weeks, and the fate of the tagged 
progenitors was assessed histologically. At both time 
points, GFP-tagged cells were found to have differentiated 
as admixed populations of oligodendrocytes and astro- 
cytes. No neurons were noted to have arisen from these 
engrafted progenitors in a matched set of (JUI-tubulin- 
immunostained sections (not shown). Within the lesions, 



many MBP + oligodendrocytes were noted to be GFP 
tagged and, hence, derived from donor human progenitor 
cells (Fig. 6). At the lesion borders, a preponderance of 
GFAP + GFP-tagged cells was typically noted, indicating 
the astrocytic differentiation of many of the implanted 
progenitors (Fig. 7). Few cells of eidier type migrated 
beyond the lesion borders. 

DISCUSSION 

Our previous studies revealed the existence of a 
distinct population of mitotic oligodendrocyte progenitor 
cells in the adult human subcortical white matter. These 
cells are present in both sexes and into senescence and are 
both ubiquitous and relatively abundant in the adult fore- 
brain white matter. In this study, we found diat these 
oligodendrocyte progenitor cells of die adult human sub- 
cortical white matter may also be identified and isolated on 
the basis of their surface expression of the epitope recog- 
nized by MAb A2B5 and that this antigenic phenotype 
includes those cells defined by CNP2-driven GFP. IMS 
based on A2B5 expression has allowed us to extract these 
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Fig. 7. Both astrocytes and oligodendrocytes arose from implanted 
adult human white matter progenitors. In A, a confocal composite 
shows two GFP-tagged human (green) MBP + (red) oligodendrocytes 
in the lesion bed of a lysolecithin-injected rat callosum 8 weeks after cell 
implantation. In addition to the MBP + cells (arrows), other human 

cells from human white matter dissociates in numbers 
sufficient for experimental xenografting. 

The implanted white matter progenitors were found 
to be highly motile and migratory, infiltrating the demy- 
elinated regions of the white matter over distances up to 
1 cm in the week after implantation. However, they were 
found to avoid normal myelin, which effectively excluded 
their infiltration. The failure of WMPCs implanted into 
the normal brain to migrate beyond the injection bed 
stood in sharp contrast to the fate of otherwise identical 
cells implanted into lesioned white matter, which mi- 
grated rapidly and efficiently throughout the available 
demyelinated lesion bed. These observations suggest that 
normal adult white matter is nonpermissive for the migra- 
tion of adult-derived WMPCs. This restriction appears to 
be stringent and does not merely reflect demyelinated 
tissue acting as a preferential substrate for progenitor mi- 
gration. In a general sense, progenitor cells may be subject 
to the same types of negative influences on their migration 
as are axons, whose extension is suppressed in the envi- 
ronment of normal white matter (GrandPre et al., 2000; 
Chen et al., 2000). However, whereas several myelin- 
associated moieties that suppress axonal extension, and the 
axonal receptors for diese repulsive ligands, have been 
identified (Fournier et al, 2001), die operative white 
matter signals that restrict progenitor cell migration have 
yet to be determined. The characterization of these repul- 
sive ligands and of their anticipated progenitor cell recep- 



progenitor-derived cells were also present diat did not express MBP 
and that instead manifested astrocytic morphologies (arrowheads). In B, 
immunolabeling for human GFAP (red) revealed that many of the 
GFP-tag*ed human progenitors had in fact given rise to astrocytes. 
Scale bar = 20 u.m. 



tors will likely constitute an important avenue for future 
study. 

The engrafted adult-derived progenitors differenti- 
ated largely as oligodendrocytes, and also as astrocytes, and 
exhibited myelin protein expression in regions of experi- 
mental demyelination. The time course of this process was 
relatively rapid; oligodendrocytic differentiation, as re- 
flected by CNP protein expression, ensued within 2 weeks 
of donor cell isolation and implantation. Myelinogenesis 
appeared to follow closely, such that MBP expression 
attributable to donor cells was evident within 3 weeks of 
implantation. The efficiency of myelination was difficult 
to assess in this study, insofar as we did not systematically 
assess the persistence of axons in these lesions. This caveat 
notwidistanding, our observations suggest that the intro- 
duction of highly enriched preparations of progenitor cells 
derived from the adult human white matter may permit 
the structural repair of demyelinated lesions in the adult 
CNS. ' 
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